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We report on the diret observation of the transition from a ompressible superuid to an in-
ompressible Mott insulator by reording the in-trap density distribution of a Bosoni quantum gas
in an optial lattie. Using spatially seletive mirowave transitions and spin hanging ollisions,
we are able to loally modify the spin state of the trapped quantum gas and reord the spatial
distribution of lattie sites with dierent lling fators. As the system evolves from a superuid
to a Mott insulator, we observe the formation of a distint shell struture, in good agreement with
theory.
PACS numbers: 03.75.Hh 03.75.Lm, 03.75.Mn
Ultraold atoms in periodi potentials have proven to
be highly tunable model systems for investigating fun-
damental problems of ondensed matter physis [1, 2, 3℄.
Among those, the transition from a superuid (SF) phase
to a Mott insulating (MI) phase has attrated muh at-
tention (see [1, 2℄ for reent reviews and referenes). So
far, experiments have relied mostly on the time-of-ight
tehnique to probe the many-body properties of the gas
loud. Unfortunately, one of the most important har-
ateristis of a MI state, its inompressibility, remains
hidden in suh measurements. In an overall onning
potential, as is always present for trapped gases in a lat-
tie potential, inompressibility results in the formation
of a shell struture. This struture onsists of a sues-
sion of large onentri Mott plateaus, where the on-site
oupation is pinned to integer values with suppressed
utuations and abrupt interfaes between two of these
shells [4, 5, 6, 7, 8, 9, 10, 11℄. In ontrast, the onden-
sate density distribution in the weakly interating regime
mirrors the smooth shape of the onning potential [12℄.
This dramati hange has so far eluded diret observation
[23℄, although earlier experiments support the existene
of a shell struture [13, 14, 15℄.
Here we report on a diret observation of the in-trap
density distribution with a high spatial resolution. This
is ahieved by loally modifying the spin state using a
tehnique similar to magneti resonane imaging and to
the RF addressing tehnique in [16℄. Spin hanging ol-
lisions [17℄ allow us to independently measure the in-
tegrated density proles both of the total atom distri-
bution and of sites with a spei oupation number.
From suh integrated proles we obtain lear signatures
of the emergene of Mott plateaus with uniform oupa-
tion above the MI transition. The measured plateau radii
agree well with a simple model assuming a fully inom-
pressible system, zero temperature and zero tunnelling.
Our experiment an be outlined as follows: After
preparing the gas in the optial lattie at the desired
depth, the depth is inreased rapidly in order to freeze
out the spatial distribution in the trap. The atom loud
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FIG. 1: Density distribution of a superuid (a) and a Mott
insulating state (b) in a lattie with harmoni onnement.
Grey solid lines denote the total density proles, blue (red)
lines the density proles from singly (doubly) oupied sites.
A vertial magneti eld gradient is applied whih reates al-
most horizontal surfaes of equal Zeeman shift over the loud
(dashed lines in inset). A slie of atoms an be transferred
to a dierent hyperne state by using mirowave radiation
only resonant on one spei surfae (Coloured areas in in-
sets). Spin hanging ollisions an then be used to separate
singly (blue) and doubly oupied sites (red) in that plane
into dierent hyperne states.
is situated inside a magneti eld with a vertial gra-
dient and orrespondingly almost horizontal surfaes of
equal eld strength as depited in Fig. 1. A mirowave
pulse on a eld-sensitive transition an now seletively
address atoms from only a slie of the loud where the
transition is shifted into resonane by the eld. Atoms
are transferred to a dierent hyperne state within the
2spetral width of this pulse, orresponding to a region
with a thikness d of typially a few mirometers. This
allows the determination of the fration of atoms in the
slie using spin state-seletive detetion. Repeating the
experiment for dierent mirowave frequenies yields a
omplete prole of the atom density along the diretion
of the eld gradient (Grey urves in Fig. 1).
In order to distinguish doubly oupied sites from oth-
ers, we transfer the atoms of the slie to a hyperne
state in whih they an undergo spin-hanging ollisions.
A ontrolled spin osillation then allows atoms on the
doubly oupied sites to make a transition to another,
previously unoupied, spin state (red areas in the inset
in Fig. 1b), not aeting sites with oupation numbers
other than n = 2 (see [18℄ for details). By subsequently
measuring the population in eah of the states, we obtain
the spatial distribution of the overall density and of the
density of doubly-oupied sites independently.
To disuss the expeted shapes and distint features
of the resulting integrated density proles, let us rst
onsider the weakly interating regime of a BEC. In this
ase, the full 3D distribution of the mean atom num-
ber aross the lattie is the Thomas-Fermi distribution
n
TF
= n0 max(0, 1− (x
2 + y2 + z2)/R2
TF
), where R
TF
is
the Thomas-Fermi radius and n0 the entral 3D density.
The integrated proles are obtained through integration
over the x− and y−axes and a slie of thikness d on the
z−axis (see Fig. 1). The integrated distribution of sites
oupied by a spei number of atoms an be readily
obtained from the 3D mean atom number distribution,
by assuming a Poissonian atom number statistis on eah
site before arrying out the integration over the slie. In
this limit, it is found that the distributions of both dou-
bly and singly oupied sites have a smooth shape very
similar to the prole of the overall density, and with a
similar width (see Fig. 1a). Doubly oupied sites an in
fat be found at any plae inside the loud, all the way
out to the border.
In ontrast, the 3D density distribution of a Mott in-
sulator state in the low atom number limit for given
trap parameters is expeted to have a spherial shape,
with onstant unity lling up to a radius R. At this
radius, the density abruptly drops to zero when assum-
ing negligible tunneling and zero temperature. The in-
tegrated density prole of suh a sphere with onstant
density is given by an inverted parabola of the form
ν(z,R) = 8piλ−3
lat
·d·max(0, R2−z2), where λ
lat
is the lat-
tie wavelength. The radius of this parabola R is equiva-
lent to the radius of the spherial density distribution in
3D, and the distribution has sharp edges at this distane
from the enter. For higher atom numbers, a two-shell
system is expeted to develop, with an inner spherial
ore of doubly oupied sites and radius R2 and an outer
shell with oupation number n = 1 of radius R1. Here,
the integrated density prole of the n = 2 ore is given by
a parabola ν2(z) = 2ν(z,R2) (dash dotted urve in Fig.
FIG. 2: Integrated in-trap density proles of the atom loud
for dierent lattie depths and atom numbers: (a) 1.0 × 105
atoms in the superuid regime (V0 = 3Er), (b) 1.0 × 10
5
atoms in the Mott regime (V0 = 22Er), () 2.0 × 10
5
atoms,
(d) 3.5 × 105 atoms. The grey data points denote the total
density distribution and the red points the distribution of
doubly oupied sites. The blue points show the distribution
of sites with oupations other than n = 2. The solid lines are
ts to an integrated Thomas-Fermi distribution in (a), and
an integrated shell distribution for (b) to (d). The n = 2
data points are oset vertially for larity.
1b). The orresponding n = 1 shell is hollow, and leads
to an integrated distribution ν1(z) = ν(z,R1)− ν(z,R2).
This is a trunated at top parabola (dashed urve in
gure 1b), in stark ontrast to what is observed in the
weakly interating ase. Note that in the MI ase also
the radii of the integrated prole orresponding to singly
oupied sites and the one orresponding to doubly o-
upied sites are markedly dierent.
We prepare our atomi sample by loading a quasipure
BEC with up to 5 × 105 87Rb atoms prepared in the
|F = 1,mF = −1〉 state in a QUIC magneti trap [19℄.
Combined with a homogeneous oset eld, this results in
an almost isotropi magneti trap with a frequeny ωT ≈
2pi × 15Hz for the three axes. Beause of gravity, the
atoms are displaed from the magneti eld minimum,
leaving them in a gradient eld of ∂B/∂z = 3.4G/mm
whih provides the spatial seletivity of the mirowave
pulse. The urvature of the surfaes of equal magneti
eld due to the lateral onnement of the trap has no
signiant eet on the integrated density proles within
our measurement auray. The ondensate is loaded
into an optial lattie reated by mutually orthogonal
standing waves with a wavelength of λ
lat
= 843 nm and
an average waist of 144µm by ramping up the potential
depth to a nal value V0 (typially 22Er) within 160ms
[20℄. In this onguration the external onnement is
3provided by a ombination of the magneti trap and the
Gaussian prole of the lattie beams. For analyzing the
density distribution, the lattie depth is then rapidly in-
reased to 40E
r
within 100µs in order to freeze out the
distribution. Here, E
r
= h2/2mλ2
lat
is the reoil energy
of the lattie light, with m the mass of a single atom.
A mirowave pi-pulse of 150µs length is then used to
transfer one slie of atoms from |F = 1,mF = −1〉 to
|F = 2,mF = 0〉. A seond pi-pulse is applied to bring all
atoms from |F = 2,mF = 0〉 to |F = 1,mF = 0〉 within
5.6µs. The magneti gradient eld is then swithed o
in favor of a homogeneous oset eld of 1.2 G. At this
magneti eld, spin-hanging ollisions within the F = 1
manifold are strongly suppressed, even on lattie sites
whih ontain more than one atom [17℄. Using mirowave
dressing [18℄, the ollisional spin dynamis an be fully
ontrolled and doubly oupied sites seletively trans-
ferred from the |mF = 0,mF = 0〉 two-partile state to
the |mF = −1,mF = +1〉 state. Finally the optial lat-
tie is swithed o and, during a time-of-ight period of
13 ms, the spin states are separated by a 3.5 ms Stern-
Gerlah gradient eld pulse. The separated atom louds
are imaged using standard absorption imaging tehnique.
In order to obtain the integrated density proles from
the resulting set of images, the atoms orresponding to
the three Zeeman sublevels are ounted by integrating
over the loud areas of the absorption images, yielding
the population numbers NmF=−1, NmF=0 and NmF=+1
for the threemF -states, respetively. Atoms from outside
the slie are in the mF = −1 Zeeman sublevel, atoms
from inside the slie whih were not in doubly oupied
sites are in the mF = 0 sublevel. Due to the spetral
prole of the sliing pulse, the transfer of both atoms of
a pair has an overall eieny of α = 0.58 aross the
slie. After the ollisional interation, one atom from
eah transferred pair is in the mF = +1 state and the
other in themF = −1 state. The number of atoms among
those in the slie whih originated from doubly oupied
sites is therefore ν2 = 2·NmF=+1/α. The total number of
atoms addressed by the sliing pulse is ν
slie
= NmF=0 +
2 · NmF=+1 and Ntotal the overall number of atoms in
that image.
Some resulting density proles an be seen in Figure 2.
Using the known eld gradient and magneti moment, we
translate mirowave frequeny into position. We plot the
fration of the atoms in the slie ν
slie
/N
total
as well as the
fration from doubly oupied sites, ν2/Ntotal and their
dierene. This dierene orresponds to the number
of atoms from sites with oupation numbers other than
n = 2 (mostly 1 and 3 for our parameters). In the weakly
interating state (V0 = 3 Er), the overall prole is tted
well by an integrated Thomas-Fermi prole with entral
density and outer radius as t parameters. The same
funtion was tted to the prole of the doubly oupied
sites, leading to a very similar radius (see Fig. 4).
For deeper latties (V0 = 22Er), the measured inte-
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FIG. 3: Fitted radii of the Mott shells for dierent atom
numbers and a lattie depth of 22 E
r
. The solid, grey and
hollow data points denote the radii of the shells with single,
double and triple oupation, respetively. The solid, dashed
and dashed dotted lines are alulations of these rst three
Mott shell radii for zero temperature and zero tunnelling.
grated density distribution is strikingly dierent from the
one in the weakly interating regime. For an overall atom
number of 2×105 atoms, we observe that the distribution
of doubly oupied sites is ontained in a muh smaller
radius. Moreover, the shape of the number distribution
is that of an inverted parabola with sharp edges instead
of the smoother one found for low lattie depths. The
dierene signal between the proles for the integrated
overall atom number distribution and the n = 2 distri-
bution exhibits a trunated parabola prole, as is ex-
peted for a 3D shell struture with an n = 1 and n = 2
shell being present in the trap. In order to quantify the
observed proles, we t parabola shapes aording to a
shell model with two (for small atom numbers) or three
shells (for the prole orresponding to an atom number
of 3.5 × 105 atoms) to our data. The radii of the shells
as well as the slie thikness d are tted independently.
We observe that with inreasing atom number, the size
of the inner n = 2 Mott shell grows, until for larger atom
numbers a third shell is formed in the enter of the loud,
whih we observe as an additional parabola on top of the
trunated parabola of n = 1 sites in Fig. 2d.
The evolution of the sizes of the Mott shells when in-
reasing the atom number is shown in Fig 3. Here we
plot the independently tted shell radii versus the mean
atom number of the loud. The expeted radii have been
alulated for our experimental parameters assuming no
tunneling and zero temperature [10℄. The distint growth
of suessive shells with inreasing atom number is in
good agreement with theory, although our experimen-
tally measured radii seem to be slightly lower than the
expeted values for larger atom numbers.
Diret observation of the density distribution also
makes it possible to investigate the evolution of the shell
struture during the superuid to Mott insulator transi-
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FIG. 4: Evolution of the shell struture through the superuid
to Mott-insulator transition for N
total
= (1.0 ± 0.1) × 105
atoms. Shown is the relative size of the area in whih doubly
oupied lattie sites are found ompared to the total loud
size. The grey bar marks the lattie depth at whih the SF to
MI transition is expeted to our for a site oupation n = 1.
tion. For this, we ompare the size of the distribution
of doubly oupied sites to the size of the overall distri-
bution, and therefore plot the ratio of their respetive
radii Rn=2/Rtotal. Fig. 4 shows the evolution from the
superuid state to the Mott insulating state for a xed
atom number of N
total
= (1.0 ± 0.1) × 105. The lattie
depth was varied between 3 E
r
and 40 E
r
. The orre-
sponding trap frequenies of the external paraboli on-
nement range from 2pi×28 Hz to 2pi×80 Hz. To deter-
mine the radii, we t a Thomas-Fermi distribution with
free entral density and radius to the respetive proles.
This distribution is the theoretially predited one in the
weakly interating limit, but was used here as a ompro-
mise for all proles in order to obtain diretly omparable
values. When rossing the SF-MI transition, we observe
a drop in the ratio Rn=2/Rtotal from ≈ 0.9 below to ≈ 0.6
above the transition. A theory estimate shows that for
our trap onguration, between the limits of a weakly in-
terating BEC and the limit of a MI, a drop from ≈ 1 to
≈ 0.45 is expeted due to the pronouned redistribution
of the atomi density within the trap. Our data suggests
that most of the density redistribution happens already
just before the Mott transition is reahed at a lattie
depth around 13E
r
for our experimental parameters.
In onlusion, we have observed the density redistribu-
tion driven by the transition to an inompressible quan-
tum gas, leading to a shell struture in the in-trap density
distribution of the Mott insulator state. As temperatures
on the sale of the on-site interation energy U strongly
aet the shape of suh a shell struture [10, 21℄, this
method an provide an eetive way to measure the tem-
perature of the system inside the lattie potential. Due
to the possibility of freezing out the momentary state
within 100µs, the time-evolution of the density distri-
bution an also be observed. This tehnique therefore
ould allow for studying the dynamis of exitations in
the Mott insulator. The loal manipulation of the spins
within the trapped atom loud with high spatial resolu-
tion also oers novel possibilities to reate and observe
spin exitations in the lattie system.
We aknowledge nanial support from the DFG and
the EU under a Marie Curie exellene grant (QUA-
SICOMBS) and a Spei Targeted Researh Projet
(OLAQUI).
∗
Eletroni address: foellinguni-mainz.de
[1℄ D. Jaksh and P. Zoller, Annals of physis 315, 52 (2005).
[2℄ I. Bloh, Nature Physis 1, 23 (2005).
[3℄ O. Morsh and M. K. Oberthaler, Review of Modern
Physis 78, 179 (2006).
[4℄ D. Jaksh, C. Bruder, J. I. Cira, C. W. Gardiner, and
P. Zoller, Phys. Rev. Lett. 81, 3108 (1998).
[5℄ V. A. Kashurnikov, N. V. Prokof'ev, and B. V. Svistunov,
Phys. Rev. A 66, 031601(R) (2002).
[6℄ G. G. Batrouni, V. Rousseau, R. T. Salettar, M. Rigol,
A. Muramatsu, P. J. H. Denteneer, and M. Troyer, Phys.
Rev. Lett. 89, 117203 (2002).
[7℄ S. Wessel, F. Alet, M. Troyer, and G. G. Batrouni, Phys.
Rev. A 70, 053615 (2004).
[8℄ S. Bergkvist, P. Henelius, and A. Rosengren, Phys. Rev.
A 70, 053601 (2004).
[9℄ L. Pollet, S. Rombouts, K. Heyde, and J. Dukelsky, Phys.
Rev. A 69, 043601 (2004).
[10℄ B. DeMaro, C. Lannert, S. Vishveshwara, and T.-C.
Wei, Phys. Rev. A 71, 063601 (2005).
[11℄ A. M. Rey, G. Pupillo, and J. V. Porto, Phys. Rev. A 73,
023608 (2006).
[12℄ L. Pitaevskii and S. Stringari, Bose-Einstein Condensa-
tion, International Series of Monographs on Physis (Ox-
ford Siene Publiations, Oxford, 2003).
[13℄ F. Gerbier, A. Widera, S. Fölling, O. Mandel, T. Gerike,
and I. Bloh, Phys. Rev. Lett. 95, 050404 (2005).
[14℄ P. Sengupta, M. Rigol, G. G. Batrouni, P. J. H. Dente-
neer, and R. T. Salettar, Phys. Rev. Lett. 95, 220402
(2005).
[15℄ F. Gerbier, S. Fölling, A. Widera, O. Mandel, and
I. Bloh, Phys. Rev. Lett. 96, 090401 (2006).
[16℄ H. Ott, E. de Mirandes, F. Ferlaino, G. Roati, V. Türk,
G. Modugno, and M. Ingusio, Phys. Rev. Lett. 93,
120407 (2004).
[17℄ A. Widera, F. Gerbier, S. Fölling, T. Gerike, O. Mandel,
and I. Bloh, Phys. Rev. Lett. 95, 190405 (2005).
[18℄ F. Gerbier, A. Widera, S. Fölling, O. Mandel, and
I. Bloh, Phys. Rev. A. 73, 041602(R) (2006).
[19℄ T. Esslinger, I. Bloh, and T. W. Hänsh, Phys. Rev. A
58, R2664 (1998).
[20℄ T. Gerike, F. Gerbier, A. Widera, S. Fölling, O. Mandel,
and I. Bloh, ondmat/0603590 (2006).
[21℄ F. Gerbier (in preparation).
[22℄ K. P. Shmidt, A. Reishl, and G. S. Uhrig, Eur. Phys.
J. D. 38, 343 (2006).
[23℄ The observation of suh spatial shell strutures also rit-
ially depends on the temperature of the system, sine
this struture does not survive temperatures larger than
kBT ≈ 0.2U [10, 21, 22℄.
